In this paper, a 4 DOF hydraulically interconnected suspension roll frequency domain model is set up. The frequency response functions and a road surface model are set up to achieve responses such as vertical acceleration power spectral density and roll acceleration power spectral density. For the problem of the effect of hydraulic parameters on the hydraulically interconnected suspension response, a sensitivity analysis method based on fuzzy grey correlation is used and the influence degree of hydraulic parameters to vertical response and roll response is determined. The obtained results indicate that the valve connected to hydraulic chamber has a large impact on vertical vibration modal; accumulator and the valves connected to it make a large impact on roll vibration modal. This paper provides a theoretical basis for the selection of design variables in the optimisation of the suspension.
Introduction
Interconnected suspension is a general term for a suspension system in which single wheel movement will cause a change in the spring force of the wheel or wheel group (Smith and Walker, 2005) . Hydraulic interconnected suspension is equipped with a twoway hydraulic actuator instead of the traditional shock absorber. Hydraulic actuators are respectively connected to the body and the wheels, compared with the traditional suspension, interconnected suspension can improve the vehicle handling performance and achieve the coordination control of ride comfort and handling stability without decreasing the ride comfort. There are two kinds of tubing connection mode in the hydraulic system according to the different requirements of vehicle driving: the same direction and reverse direction interconnection. Among them, the half vehicle model with reverse interconnected suspension can increase roll stiffness and improve the stability of the vehicle without affecting the premise of vertical vibration.
In recent years, many scholars have carried out research into the interconnected suspension. Gay et al. (2000) established the state space model of the hydraulic interconnected suspension system, which is mainly used for comparative study of control method; Garrott et al. (2001) verified the dynamic characteristics of hydraulic interconnected suspension; Zhao (1998) established the model of interconnected suspension by using power bond graph method; Wang et al. (2011) verified mathematical model of interconnected suspension and analysed the main factors affecting the pressure value and pressure difference at both ends of the damping hole; Ding et al. (2012) did modal analysis for interconnected suspension.
At present, the research of the interconnected suspension concentrates on the establishment of the model and the investigation of dynamic characteristics. There is little sensitivity analysis of the hydraulic parameters of the system. In this paper, a 4 DOF hydraulically interconnected suspension roll frequency domain model is set up, meanwhile, the influence of hydraulic parameters of accumulator and damping valve on the acceleration power spectral density is analysed based on a sensitivity analysis method called fuzzy grey correlation (Wei, 2011; Long, 2012) . That provides a theoretical basis for the optimisation of the suspension.
Four DOF hydraulic interconnected suspension model

Model establishment of suspension
The 4 DOF hydraulic interconnected suspension model is showed in Figure 1 . Here, y v is the displacement of the sprung mass; y l and y r respectively, for the left and right side unsprung mass displacement; θ is the roll angle of sprung mass, M 1 for the sprung mass, I for the rotational inertia of the sprung mass; m l and m r are left and right unsprung mass; k sl and k tr are left and right suspension stiffness; c tl and c tr are left and right tyre stiffness; and are left and right tyre damping; hydraulic actuator is composed of a hydraulic system shown in Figure 1 dotted 
where M, C, K are mass, damping and stiffness matrix respectively; f 1 (t) is the supporting force of hydraulic system, f 1 (t) = M 1 Ap(t), A = diag(A 1 , A 2 , A 3 , A 4 ) is the area matrix of the hydraulic cylinder. p(t) = (p 1 , p 2 , p 3 , p 4 )
T is the hydraulic cylinder pressure vector; M 1 is a linear transformation matrix:
l l and l r are the distance between the left and right wheels to the body centre; f 2 = F(t)ζ(t) is force input of road and F(t) is road coefficient matrix, Figure 2 shows the hydraulic interconnected suspension actuator, where q 1 , q 2 , q 3 , q 4 is the flow of four chambers respectively. R 1 , R 2 , are the upper and lower damping valve of the hydraulic cylinder; R 3 is the damping valve of accumulator. Hydraulic system tubing is divided into two lines, a and b. The stiffness and damping of the whole mechanical hydraulic system are adjusted by the inlet and outlet flow of the hydraulic components, which flows through the tubing, the damping valve and the accumulator. In the hydraulic system, the hydraulic components are discretised along the hydraulic circuit and the transfer function matrix of each hydraulic component is established. By multiplying each transfer function matrix along the hydraulic circuit, whole hydraulic circuit matrix can be got, thus the impedance matrix of the hydraulic system is obtained. For line-a its hydraulic circuit matrix can be shown as:
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where P is the transfer matrix of hydraulic tubing, V is the transfer matrix of damping valve, J is the transfer matrix of accumulator damping valve. If we assume that 
Similarly for line-b:
In frequency domain, the linear transfer relationship between flow Q(s) and P(s) pressure can be described by impedance matrix Z(s) as follow:
Combined with the equation (3) and equation (4), equation (5) 
And the impedance matrix Z(s) is obtained: 
In the process of suspension movement, the force acting on the body comes from the flow of liquid along the circuit. If any flow leakage is ignored, the relationship between liquid flow q = [q 1 , q 2 , q 3 , q 4 ] T and suspension displacement is:
where 2 1 0 1 1 0 1
Take the Laplace transform of equation (1) and equation (8), and combine with equation (5), the dynamic equation of system can be written as follow:
where F 2 (s) is Laplace transform of road input,
System frequency response
Assuming that the input spectral density of the left and right wheels is the same and the road model is isotropic and obeys Gauss distribution, we can get the input spectral density matrix of the suspension model as follow (Newland, 1997) :
is the self-spectral function; k = ω/2πv. The range of ω is 1~1.25; In this paper, the value of ω is 1;
is cross spectrum function; J w is w order second modified Bessel function, Γ(w) is gamma function. The value of the constant c is 7 × 10 -7 and L is the wheels tread (Dodds, 1973) .
According to the definition of system transfer matrix:
System transfer matrix H(s) is obtained:
According to the vibration theory, when the road roughness is a stationary random process, the vibration response of the system is still a stationary random process, and the input spectral and the output spectral of a point in the frequency domain have the following relations:
where i =1,2,3,4. When i = 1 equation (14) indicates left wheel vibration response spectral density; i = 2, it means the right; i = 3, it indicates the vertical modal response spectral density of vehicle body; i=4, it represents the roll modal response spectral density. H ij (j = 1, 2) is the element of the transfer function matrix, ( 1,2)
x ij H j = is the conjugate complex number of H ij . The simulation parameters of the interconnected suspension system are shown in Table 1 . Assume that the simulation speed is 36 km/h. Figure 3 shows the vehicle body acceleration response spectral density of vertical modal and roll modal. As shown in Figure 3 , with the increase of frequency, vertical and roll response acceleration power spectral density decreases; in vertical modal, the peak occurs at frequency of 1.21 Hz; in roll modal, the peak occurs at 2.57 Hz. The ride performance of the suspension can be effectively evaluated only when the maximum value of the output spectral density is obtained. Therefore, when the hydraulic parameter changes, we select the vertical and roll response acceleration power spectral density at peak frequency as an objective function of sensitivity analysis.
Fuzzy grey correlation analysis of interconnected suspension
Analysis model of fuzzy grey correlation
Setting of reference sequence and compare sequence
We set a statistical data sequence as a reference sequence which can reflect the features of the system behaviour, and its change law can reflect the change feature of a certain behaviour of the system. The expression of the reference sequence can be written as follows:
[ ]
( )
where Y T represents the reference sequence of group T, (T = 1,2…,M), [y t (1) y t (2) … yt(n)] is the data of the reference sequence Y T , and these data reflect the changing rules of a certain behaviour feature of the system. The factor that affects the behaviour of the system is called comparison sequence. 
( 1 6 ) where X T is the comparison sequence corresponding to the reference sequence Y T ; m is the number of factors. x ts is the s th vector of the influence factor, (s = 1, 2,…,m).
Make the original sequence dimensionless
The influence factors usually have different physical meanings and dimensions, in order to reduce the errors of identification and analysis, it is necessary to make non-dimensional treatment before the calculation of the influence factors of different dimensions. In this paper, data interval method is used as a non-dimensional method, it can be written as follows:
( 1 8 ) where k = 1,2,3…n.
Cosine value calculation of fuzzy membership
In this paper, the cosine of included angle method is used to establish the fuzzy similarity matrix. This method is not affected by the linear proportion of the data, and the similarity degree between the parameters is calculated by cosine of included angle: 
Grey correlation coefficient calculation
In this step, we do the difference operation on all reference sequence and comparison sequence, and the correlation coefficient can be written as:
where ξ ts is the correlation coefficient between two corresponding points in Y T and X T , (s = 1, 2,…,m; k = 1, 2,…,n), Δ min is the minimum absolute difference between the corresponding points in Y T and X T :
Δ max is the maximum absolute difference:
Δ ts (k) is the absolute difference between Y T and X T at the k th point:
ρ is the resolution coefficient, it means the weight of the maximum absolute difference. ρ should satisfy the wholeness and anti-jamming of correlation degree, when the value is too large or too small, it cannot correctly reflect the relationship between research objects.
Weighted grey correlation degree calculation
Correlation degree analysis is a quantitative comparison and analysis of dynamic process of development. In order to improve the accuracy of evaluation, this paper uses the generalised weighted distance (Krishnamoorthy et al., 2012) in fuzzy mathematics to represent the difference between the reference sequence and the comparison sequence. Weight vectors of different factors in different sequences are defined as:
Then the calculation formula for the weighted grey correlation degree is:
where ts r′ is the correlation degree between reference sequence and comparative sequence.
Fuzzy grey correlation degree calculation
By the combination of the fuzzy membership coefficient and the weighted grey correlation degree calculated by the cosine of included angle method, the fuzzy correlation degree can be obtained:
Analysis of influence degree of each parameter
In the hydraulic interconnected suspension system, the parameters of accumulator, damping valve and hydraulic tubing of the hydraulic circuit have a very important influence on the output response of hydraulic interconnected suspension. So, the typical hydraulic parameters such as damping valve and accumulator are chosen as the sequence X T , arranged as x 1 , x 2 , x 3 , x 4 , x 5 , x 6 , the specific parameters are shown in Table 2 . Select the vertical and roll response acceleration power spectral density at peak frequency to form the reference sequence Y T , arranged as y 1 , y 2 , namely, in vertical modal, the power spectral density at frequency of 1.21 Hz and in roll modal, the power spectral density at 2.57 Hz. The advantage of grey relational analysis is that the sample size is not required, and the typical distribution law is not required (Jin and Zhang, 2012) . So the comparison sequence X T of this paper takes 50 groups, n = 50. Next step, 50 simulation analyses in the range of hydraulic parameters is carried out. The results are shown in Table 3 . According to the fuzzy grey correlation degree calculation method and combined with the simulation data, fuzzy grey correlation degree of each influence factor under the vertical and roll modal is obtained, as shown in Table 4 and Table 5 . The more the fuzzy grey correlation degree is, the greater the influence degree of the factor is. The numerical analysis of the fuzzy grey correlation degree obtained from the Table 4 and Table 5 shows that, in vertical modal, the influence degree of the six hydraulic parameters, from large to small, is R 2 > R 1 > P 2 > R 3 > V 1 > P 1 ; in roll modal, the rank is:
The obtained results indicate that the valve connected to hydraulic cylinder has a large impact on vertical vibration modal; accumulator and the valves connected to it have less influence. On the contrary, accumulator and the valves connected to it have a large impact on roll vibration modal; the valve connected to hydraulic cylinder has less influence. This is because when car body is in vertical vibration modal, the oil flow in and out of the accumulator is little; most of the oil is exchanged between the left and the right hydraulic cylinders through the damping valves. So in the vertical vibration modal, the influence of design variables related to the accumulator is relatively small. When the vehicle has a roll motion, the hydraulic cylinder is pressed or stretched to make the oil fluid flow in and out of the accumulator frequently, at this time, the hydraulic oil pressure increases or decreases so as to prevent the body roll, and the accumulator stores and releases energy to produce elastic force and damping force, so the accumulator and the valves connected to it have a large impact on roll vibration modal.
Conclusions
In this paper, a 4 DOF hydraulically interconnected suspension roll frequency domain model and a road model are established. According to the frequency response function and road input, the response acceleration power spectral density in two modals is obtained respectively. We found that with the increase of frequency, vertical and lateral acceleration power spectral density decreased. By using the sensitivity analysis method based on fuzzy grey correlation, we get the influence degree of the hydraulic parameters in vertical modal and roll modal. The obtained results indicate that the valve connected to hydraulic cylinder has a large impact on vertical vibration modal; the accumulator and the valves connected to it make a large impact on roll vibration modal. Therefore, in view of the different optimisation objectives, this paper provides a theoretical basis for the optimisation of suspension.
